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Tribological phenomena abundantly exist in living beings, especially in human beings, such as in teeth, eyes, bones, skins, heart valves and so on,
and it is meaningful to reveal the mechanism of tribology in human body and fabricate artiﬁcial biomaterials to replace the damaged tissues to release
the pain of patients. Alloys, ceramics and polymers are three uppermost materials used in engineering and some of them play a crucial role in
biomedicine. In the paper, we provide an overview of the tribological behaviors of artiﬁcial biomaterials including alloys, ceramics and polymers. We
aim to provide fundamental mechanistic and applications of tribological biomaterials, while emphasizing the advantages and disadvantages of various
kinds of tribological biomaterials. Finally, some challenges and the potential promising breakthroughs are also succinctly highlighted in this ﬁeld.
& 2015 Southwest Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Natural biomaterials in human body have excellent perfor-
mances in tribology; for example, articular cartilage with lower
wear and friction can be used for nearly 70 years. However,
accidental injuries and other defects of cartilage are inevitable and
the self-healing of articular cartilage is difﬁcult, which may lead to
joint diseases such as arthritis and rheumatoid arthritis. Thus, it is
imperative to introduce artiﬁcial materials into biomedicine because
of the failure of natural biomaterials in human body and to release
the pain of patients. Indeed, scientists have studied this aspect for
long and made some progress [1–4]. Despite the achievements,
bone injuries are still widespread and affect the quality of human
life severely with the increase of aging populations and trafﬁc
accidents. In the period 2002–2003, over 77,000 primary hip
operations were performed, with 617,000 bone and joint proce-
dures recorded by the NHS in England and Wales [5]. Moreover,
more and more young people are suffering from joint diseases, so it
is necessary to prolong the longevity of artiﬁcial implant materials.
To this end, we must try our best to develop good biocompat-
ibility, low cost, low friction and wear, and low creep deforma-
tion materials to adapt the increasing demand of biomedicine. The
present article will review the tribological materials used in
biomedicine and include the following four segments: tribological
biomaterials in nature, tribological properties of artiﬁcial biome-
dical materials, the challenges of biomaterials and biomedical
materials in tribology and conclusions.
2. Tribological biomaterials in nature
Nature has been evolving and creating exquisite tribological
systems for millions of years, while humans have started toFig. 1. Several surfaces of tribological materials in nature: (a) SEM image of the su
[7], (d) scale patterns of fast sharks [12], (e) photograph of pangolin scales [13],
orientation, and the existence of hierarchical structure can be seen [15]. The blueresearch tribology for several thousands of years [6]. The
perfect inventions created by nature such as gecko bristles [7]
(Fig. 1b, c), lotus leaves [8,9] (Fig. 1a), shark skins [10–12]
(Fig. 1d), cuticle of pangolin scales [13] (Fig. 1e), bamboo
[14] and articular cartilage [15–17] (Fig. 1f) have attracted
great attention of not only scientists but also philosophers due
to their unusual speciﬁc properties. Geckos with thousands of
setae which branch into spatula-shaped terminal on their feet
have strong adhesion with smooth surface due to van der
Waals force [18] and capillary force [19], and this phenom-
enon has inspired many scientists to fabricate various gecko
like dry adhesives and dry/wet adhesives [20–25]. The lotus
leaves with micro-/nano-composite structure have super hydro-
phobicity and self-cleaning effect which is well known as the
lotus effect due to the coarse structure and chemical substances
of their surfaces, and the artiﬁcial superhydrophobic surfaces
simulated by nature materials have also been developed [9,26–
29]. Shark skins can reduce surface drag in the direction of
ﬂow due to the existence of grooves on their skins [10].
Pangolin scales have strong adhesion resistance and wear
resistance to soil and rock due to the rough surface [13].
Bamboo with hierarchical structure also has strong wear
resistance ability [14]. Articular cartilage which is composed
of chondrocyte and extracellular matrix containing water,
collagenous ﬁber and proteoglycan has lower friction and
wear because the pressure can be transferred to subchondral
bone by articular cartilage and water is squeezed to the
interface to function as a lubricant under load [15–17]. It is
of importance to note that water accounts for 80% of the
weight of articular cartilage, which is responsible for the
lubrication mechanism of natural joint. Bionics is a science to
simulate the structures and functions of nature to createrface of lotus leaf [9], SEM image of setae arrays (b) and spatulae (c) of geckos
(f) drawing shows the zonal anatomy of articular cartilage and collagen ﬁber
words and arrows are added by the authors.
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being stated recently, the research of bionics has a long history.
In the Spring and Autumn period of China, Laozi, a great
philosopher, had put forward the idea, “Tao follows nature” (here,
Tao can be explained as laws or methods), which may be one of
the earliest minds of biomimetics in the world. In the European
renaissance, Leonardo Da Vinci had drawn the ﬁgure of plane by
observing the ﬂight of birds. The invention of ﬁshing net may be
a result of simulating spider web and the radar was invented from
simulating the ultrasonic orientation method of bat [30]. It is well
known that if the concept of a discipline is more clear, the
development of the discipline is more rapid. Despite the idea and
practice of bionics having a long history, the rapid development
of bionics is the recent thing due to the integrity of bionic
deﬁnition. The research of bionics has gotten great progress in
many aspects such as superhydrophobic surfaces, dry adhesives,
drag reduction and biological antifouling. However, the bionic
design of natural biomaterials used in biotribology is relatively
less. With the increasing need of longevity of artiﬁcial biomedical
materials, it is signiﬁcant to develop biomimetic materials of
tribology that can be used in biomedicine.3. Tribological properties of artiﬁcial biomedical materials
3.1. Metallic and ceramic biomedical materials
Metallic materials are widely used as biomedical materials for
substitutions of failure hard tissues, scaffolds of regeneration
medicine, implants, medical devices and so on [31,32]. The ﬁrstFig. 2. (a) Effect of nanometer SiO2 content on the friction coefﬁcient and wear rat
of nanometer Si3N4 content on the friction coefﬁcient and wear rate of Si3N4 ﬁlled P
content on the coefﬁcient friction and wear rate of SiC ﬁlled PEEK (load: 196 N;
bending strength and hardness of SiO2 ﬁlled PEEK [70], (e) effect of nanometer Si3N
ﬁlled PEEK [71], (f) effect of the content of nanometer SiC on the blending strengeneration of biometallic materials is stainless steel. The second
generation is Co–Cr-based alloys, which are widely used in
artiﬁcial hip and knee joints because of their wear resistance
ability; however, the development of nickel-free Co–Cr-based
alloys is imperative for the allergy of nickel. Various routes such
as ion implant [33], surface coating [34,35] and doping [36] are
used to enhance the wear resistance, reduce the friction
coefﬁcient and increase the hardness of Co–Cr based alloys.
The third generation is titanium-based alloys, which are
extensively studied [37–42] and used in implant of artiﬁcial
bones because of its good biocompability, mechanical properties
and wear resistance ability [31,43]. Titanium has two allotropes:
α- and β-type: aluminum is the α-type stabilizer and the β-type
stabilizers are vanadium, nickel, molybdenum, and tantalum
[44], and zirconium is a neutral element. The α and αþβ
titanium alloys have a higher elastic moduli, which is the main
reason for stress shielding effect, while the β-type titanium
alloys have lower elastic moduli compared to Co–Cr-based
alloys, α-and αþβ titanium alloys. Therefore, the recent
researches mainly focused on the β-type titanium alloys. The
same to Co–Cr based alloys, scientists have attempted many
methods to improve their properties such as surface treatments
[45,46] and coatings [47], laser treatment [48], plasma nitriding
[49] and surface texturing [50]. Another biometallic material is
magnesium and its alloys, which can be used as a biodegradable
material. Because of the lower elastic moduli of magnesium and
its alloys, they may be used as replace materials for disabled
bones; however, it is important to modify the surface of
magnesium and its alloys to prevent dissolution of magnesium
ion from body ﬂuid.e of SiO2 ﬁlled PEEK (load: 196 N; sliding velocity: 0.445 m/s) [70], (b) effect
EEK (load: 196 N; sliding velocity: 0.445 m/s) [71], (c) effect of nanometer SiC
sliding velocity: 0.445 m/s) [72], (d) effect of nanometer SiO2 content on the
4 content on the compressive strength, blending strength and hardness of Si3N4
gth and hardness of SiC ﬁlled PEEK [72].
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as bone replacement material due to its wear resistance and can
be used as scaffolds for the regeneration of tissues due to its
porosity. Hydroxyapatite, which has a similar structure with bone
mineral, has been intensively investigated recently [51–57] for its
osteoinductivity effect. The focus of hydroxyapatite research has
transformed from its use as replace materials of bones to
scaffolds of regenerated hard tissues, which has a porous
structure. Zirconia is used as biomedical implants for its wear
resistance ability; however, it must be doped with MgO, CaO,
Al2O3 and other oxides because of the poor mechanical proper-
ties of pure zirconia. Some signiﬁcant researches about zirconia
such as developing stabilized zirconia, inducing bioactivity by
chemical treatments and improving the surface hardness have
been conducted [58–60]. Silicon nitride (Si3N4) [61–64] and
Silicon carbide (SiC) [65–69] are also two kinds of frequently
used biomedical materials for their good performances.3.2. Polymeric biomaterials
Metallic and ceramic materials have been broadly applied in
biomedical engineering in the form of implants and devices
because of their excellent mechanical performances such as high
moduli and stiffness. However, the metallic ion generated from
dissolution of metallic materials in body ﬂuid can lead to
allergy, poisoning, cellar reaction and so on, which are often
detrimental to human health and result in failure of implant.
Besides, many metallic materials have higher moduli than
human bones; thus, they can generate stress-shielding effect
and result in loosening of implant. Ceramic materials also have
some disadvantages such as low fracture toughness. Therefore,
polymer-based biomaterial becomes a promising alternative
material for metallic and ceramic material in biomedicine.
Polymer-based materials compared to metals and ceramics have
many advantages such as cost-efﬁciency, easy preparation, self-
lubrication and so on, and they are often used in the form of
composites with additives to improve their tribological and
mechanical behaviors. Nowadays, nanomaterial has attracted the
attention of scientists in many domains because of its great
value on basic research and potential industrial application.Fig. 3. (a) Effect of the PTFE content on the friction coefﬁcient of PTFE–PEEK a
effect of the PTFE content on the wear rate of PTFE–PEEK and PTFE–SiC (3.3 vIntroducing nanomaterial into polymers can also enhance their
mechanical and tribological performances greatly due to the ﬁne
properties of nanomaterial such as small size, large surface areas
and higher activity. Bionic techniques have inspired many
creative inventions in various spheres such as superhydrophobic
surfaces, dry adhesives and so on, and scientists will endlessly
enlarge biomimetic methods on basic research and industrial
application. The bionic research related to tribology of polymer-
based composites used in biomedicine has been started and it
will need a long time to realize considerable progress. Following
several paragraphs will describe the tribological behaviors of
several polymer-based composites including poly ether ether
ketone (PEEK), Epoxy resin (EP), Ultrahigh molecular weight
polyethylene (UHMWPE) and hydrogels in biomedicine.3.2.1. Poly ether ether ketone (PEEK) biomaterials
Poly ether ether ketone (PEEK) is an aromatic semicrystalline
thermoplastic with high mechanical properties, good wear-
resistance and thermostability. Because of these excellent
performances, scientists have conducted extensively research
on it and its composites through past decades in order to realize
its application in biomedicine. As early as 1990s, scientists had
studied inorganic nanoparticles' effect on tribological behaviors
of PEEK. Nanometer silica (SiO2) [70] (Fig. 2a), silicon nitride
(Si3N4) [71] (Fig. 2b), and silicon carbide (SiC) [72] (Fig. 2c)
particles can greatly reduce the friction coefﬁcient and wear rate
of PEEK due to the formation of transfer ﬁlm. However, from
Fig. 2a, b and c, it can be seen that it is impossible to get the
lowest friction coefﬁcient and wear rate at the same time.
Combining the friction and wear, tribological properties are best
when the content of nanoparticles is 7.5 wt%. Fig. 2d, e and f
shows the mechanical behaviors of SiO2, Si3N4, and SiC
nanoparticles reinforced PEEK respectively. It can be seen that
the tribological behaviors of Si3N4 and SiO2 nanoparticles
reinforced PEEK are not corresponding to mechanical perfor-
mances, which is inverse to SiC nanoparticles reinforced PEEK
according to comparison of Fig. 2a, b, c and d, e, f. This
phenomenon indicates that the mechanical properties of Si3N4
and SiO2 nanoparticles reinforced PEEK are not the sole and
predominant factor that decide the tribological behaviors and thend PTFE–SiC (3.3 vol%)–PEEK (load: 196 N; sliding velocity: 0.445 m/s), (b)
ol%)–PEEK (load: 196 N; sliding velocity: 0.445 m/s) [79].
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have a decisive effect on its tribological performances. What is
more, a proportion of Si3N4 and SiC nanoparticles were
oxidized into SiO2 and this may be a reason for their similarly
tribological behaviors. Inorganic fullerene like tungsten disulﬁde
(WS2) nanoparticles can also reduce the friction coefﬁcient of
PEEK [73].
Generally, some inorganic particles may improve the tribo-
logical properties of PEEK, but the size of particles has a
signiﬁcant effect on its tribological behaviors [74]; namely, it
has a size dependent effect. Wang et al. [75] investigated the
inﬂuence of nanometer SiC, micron SiC, and whisker SiC on
the tribological properties of PEEK and found that only
nanometer SiC can form a thin, uniform, and tenacious transfer
ﬁlm on the counterface, which prevents the abrasive wear of
polymer matrix from protuberant and hard counterface. This is
mainly due to the strong interaction between nanoparticles and
polymer matrix, which prevents the removal, debonding and
discontinuity of the transfer ﬁlm. Small size nanometer zirco-
nium dioxide can form a thin, uniform, and tenacious transfer
ﬁlm, which is impossible with large size zirconium dioxide
nanoparticles [76]. Copper sulﬁde (CuS) is another inorganic
particle that can increase the interaction between the transfer
ﬁlm of polymer composites and the steel counterface [77]. In a
word, the size, morphology, dispersion and instinct of inorganic
nanoparticles, which are responsible for the self-lubrication
effect, uniformity of composite, interaction between polymer
matrix and nanoparticles, and bonding between the transfer ﬁlm
and the counterface, have signiﬁcant inﬂuences on the tribolo-
gical properties of PEEK. It is still a challenge for us to clarify
the relationship between them and the corresponding tribologi-
cal properties for their ﬁnal applications.
In addition to inorganic nanoparticles, solid lubricants such as
polytetraﬂuoroethylene (PTFE) and graphite are also a good
reinforcement for PEEK. PTFE is often used as reinforcement of
PEEK, which can decrease the friction coefﬁcient and speciﬁc
wear rate of PEEK. Sawyer et al. [78] revealed that adding highly
oriented and expanded PTFE to PEEK can achieve better
tribological properties compared to random PTFE. However,
when silicon carbide (SiC) nanoparticles and PTFE are intro-
duced to PEEK simultaneously, the tribological behaviors are
different [79] (Fig. 3). It can be seen from Fig. 3 that the friction
coefﬁcient and wear rate increase at initiation phase and decrease
subsequently with the increase of PTFE content. This phenom-
enon is due to the formation of SiFx because of the chemical
reaction between SiC nanoparticles and PTFE at initiation period
that makes PTFE lose its low friction and wear properties, and the
PTFE recovers its tribological properties with the increase of
PTFE content due to the existence of unreacted PTFE. It is clear
that the possible mechanism of friction-reduction and wear-
resistance effect of PEEK composites is the formation of transfer
ﬁlm; however, it is difﬁcult for some composites to form transfer
ﬁlm. Therefore, another method to get highly tribological
performance on PEEK is to enhance its stiffness, and carbon
ﬁbers and glass ﬁbers are the best candidates. Indeed, researchers
have paid great efforts on carbon and glass ﬁbers reinforced
PEEK [80–87]. Despite ﬁbers reinforced PEEK get well wear-resistance and friction-reduction performances, the tribological
behaviors of material are affected by many factors such as
lubricants, patterns and kinds of ﬁbers, temperature, load,
counterface, sliding distance and sliding velocity. Yan et al.
[88] reported that 10 vol% CF reinforced PEEK composite has
lower friction coefﬁcient and wear rate under seawater lubrication
than that under dry sliding and pure water lubrication. Rasheva
et al. [89] investigated the mechanical and tribological properties
of short carbon ﬁbers (SCF)/PTFE/graphite ﬁlled PEEK compo-
sites, ﬁnding that different ﬁber orientations have a signiﬁcant
inﬂuence on mechanical properties but have complicated inﬂu-
ence on tribological properties with the variation of contents in
SCF. Moreover, mechanical properties are dependent on bulk
properties of materials, and tribological properties depend on
surface properties. The friction and wear properties of PEEK,
short and randomly oriented carbon ﬁbers reinforced PEEK and
long woven reinforced PEEK under high-speed sliding were
studied by Greco et al. [90]. It was evidenced that long woven
reinforced PEEK has the lowest wear rate and the lowest friction
coefﬁcient due to the formation of polymeric transform layers,
which can reduce the abrasive wear from hard stainless steel. The
oriented and parallel to the sliding surface of long woven can
reduce the scratch of protruding ﬁbers to the surface of stainless
steel, and cause the softening of polymer because of high thermal
conductivity which can reduce the shear strength thus reducing
the friction force. Carbon or glass ﬁbers (30 wt%) reinforced
PEEK can improve the wear resistance against steel compared to
neat PEEK under long dry sliding (16 km); however, glass ﬁbers
reinforced PEEK has an increase in friction coefﬁcient which is
inverse to carbon ﬁbers reinforced PEEK [91]. Davim et al. [92]
used statistical techniques to analyze the tribological behaviors of
PEEK–CF30 at dry sliding against steel. They indicated that
friction coefﬁcient is highly increased with the increase of sliding
distance and in a small degree with the increase of pv factor,
while the weight loss is highly increased with the increase of
temperature and in a small degree with the increase of sliding
distance. The tribological behaviors of pitch-CF reinforced PEEK
are better than those of PAN-CF reinforced PEEK at higher speed
while PAN-CF reinforced PEEK behaves better at higher
pressures [93].
Although ﬁbers are good reinforcements to PEEK, it will
fail under high load with the removal, debonding and fracture
of ﬁbers. Introducing ﬁbers and inorganic substances simulta-
neously to PEEK is a good way to solve this problem [94–96].
Carbon ﬁber prevents the wear of PEEK matrix by carrying the
major load, while the inorganic substances, such as ZrO2
nanoparticles, SiO2 nanoparticles and Potassium titanate whis-
kers, decrease the concentration of pressure from counterface
to protect carbon ﬁber from impact damage. What is more, the
speciﬁc wear rate decreases with the increasing of load, which
has the potential to be used as a wear resistance material under
higher load.
Carbon nanomaterials, especially carbon nanotubes (CNTs)
and graphene, have gotten great progress in many aspects through
the past twenty years. Recently, scientists found that carbon
nanotube and graphene are good additives for PEEK to enhance
the tribological and mechanical performances of PEEK [97,98].
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been experienced from inorganic nanoparticles' incorporation
to organic solid lubricants to ﬁbers and inorganic nanoparticles
and ﬁbers simultaneously. The tribological properties are
enhanced to a high extent, which can satisfy various needs
in engineering applications, especially in biomedicine.
Recently, carbon nanomaterial reinforced PEEK is also stu-
died. Carbon nanomaterials, despite having many advantages
such as high surface areas, high activity and high mechanical
strength, may be used as additives of PEEK to improve their
tribologyical performances to meet applications of many ﬁelds,
especially their use in biomedicine which needs much more
experimental researches because of toxicity [99].
3.2.2. Epoxy resin (EP) biomaterials
Metals and ceramics have excellent mechanical performances
while the tribological properties are poor which are often
enhanced by adding liquid lubricants or surface modiﬁcation.
However, the liquid lubricants are easy to decompose and
disabled at high temperature. So, polymers are used as promis-
ing substitutes for metals and ceramics in many ﬁelds such as
aviation and biomedicine due to the superior tribological
properties and cost-efﬁciency. Polymers are often used as
composites with reinforcements such as nanoparticles and ﬁbers.
Epoxy resin (EP) based composite is one of the widely used
high-performance polymer-based composites. Generally, tribo-Fig. 4. Average wear rate of carbon ﬁbers reinforced EP for 6 104 s as a function
[107]; average coefﬁcient of friction of carbon ﬁbers reinforced EP for 6 104 s alogical properties of polymer-based composites are improved
according to the formation of transfer ﬁlm and the enhancement
of mechanical and thermal properties. However, EP cannot form
the transfer ﬁlm because of the crosslinking of molecular
structure, which leads to high degree of brittleness, high wear
rate and coefﬁcient of friction. Therefore, addition of solid
lubricants and/or nanoparticles is a good choice to enhance its
wear resistance and friction reduction ability.
Introducing CNTs into EP can apparently reduce the wear
and friction of bulk EP [100], and CNTs treated by hydrogen
nitrate which can induce a better dispersion and interaction
between CNTs and EP for transferring nonpolarity of CNTs to
polarity will get a better wear resistance [101]. What is more,
adding solid lubricants and modiﬁed CNTs into EP at the same
time will get lower wear rate compared with that by only adding
modiﬁed CNTs [101]. Li and his coworkers [102] fabricated
multi-walled CNTs reinforced EP composite by chemical vapor
deposition(CVD) and blending on the machine, and they
concluded that the mechanism of wear resistance and friction
reduction is the enhanced mechanical properties and self-
lubrication effect of tubular CNTs. It is necessary to note that
there is an optimal value of CNTs content to get the best
tribological properties of CNTs/EP composites [101,102]. The
integrity and decentralized uniformity of CNTs are of impor-
tance to the wear resistance of CNTs/EP composites [103].
Besides CNTs, the incorporation of ﬁbers is another way toof applied pressure: (a) Vf (the volume percent of ﬁbers)¼0.67, (b) Vf¼0.82
s a function of applied pressure: (a) Vf¼0.67, (b) Vf¼0.82 [107].
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ﬁber reinforced epoxy composites have lower wear and friction
than neat EP and sliding direction that is parallel to ﬁber
orientation is better than perpendicular [104]. What is more, the
kinds of ﬁbers have a signiﬁcant inﬂuence on tribological
behaviors of ﬁber–EP composites. Carbon/aramid hybrid
weaves reinforced EP has lower wear and friction than glass
ﬁbers because carbon has self-lubrication effect and aramid can
prevent the production of cracks [105,106]. Lee et al. [107]
found that carbon ﬁbers reinforced EP with many micro-grooves
on their surfaces has better wear resistance ability than that
without microgrooves (Fig. 4). Fig. 4a and b compares the wear
rate of ﬂat specimen and grooved specimen and it is apparent
that grooved specimen has lower wear rate than ﬂat specimen
under lower pressure. However, it is shown in Fig. 4c and d that
the friction coefﬁcient of grooved specimen reaches lowest
when the pressure is 8 MPa and it seems higher than that of ﬂat
specimen under lower and higher pressures. The wear mechan-
ism of carbon ﬁbers–EP composites proposed by the authors is
described as follows: ﬁrst, the matrix and ﬁbers are separated
under cyclic pressure; second, wear debris enters the spaces
between matrix and ﬁbers; third, ﬁbers are bended by the debris,
followed by cracking and debonding from composites. When
composites have micro-grooves on their surfaces, wear debris
may be captured by microgrooves; thus, the fractures of ﬁbers
can be reduced. Natarajan et al. [108] revealed that adding
graphite into glass-epoxy composites can get a lower wear and
friction. Guo and his coworkers [109] got a conductive and wear
resistant graphite/epoxy composite coatings according to intro-
duce graphite into epoxy.
Besides ﬁllers mentioned above, nanoparticles are a big class
of reinforcement of EP. Epoxy nanocomposites ﬁlled with
organo-modiﬁed montmorillonite have a better tribological per-
formance, especially when the content of montmorillonite is 5 wt
%, due to the rolling of montmorillonite nanoparticles [110].
Alumosilicate nanoparticles can also be used as additives of EP to
improve tribological performances due to enhanced elastic
deformation that reduces interaction between matrix and counter-
face, and tubular alumosilicate nanoparticles have a better effect
[111]. Nano-TiO2 [112] and nano-diamond [113] particles canFig. 5. (a) Effect of the content of SiO2 on the friction coefﬁcient of SiO2/Epoxy
coefﬁcient of SiO2/Epoxy and SiO2-g-PAAM/Epoxy [120]. It can be seen that both
those of SiO2/Epoxy under all contents of SiO2.enhance wear resistance and friction reduction; however,
nanodiamond-epoxy composite has different tribological perfor-
mances in macro, micrometer and nanometer dimensions. Si3N4
nanoparticles [114] are another improver on mechanical and
tribological properties of EP at lower content, which is due to the
strong interaction among nanoparticles and matrix and oxidation
of Si3N4 nanoparticles and iron at high temperature. The
oxidation of Si3N4 nanoparticles and iron can form SiO2 and
Fe3O4, which have self-lubrication effect. CuO nanoparticles and
PTFE microparticles reinforced EP have also been studied [115].
The tribological behaviors of silica nanoparticles reinforced EP
have been widely studied by scientists, concluding that silica
nanoparticles at some conditions have a positive effect on wear
resistance and friction reduction [116–118].
Classical microparticles used as ﬁllers of polymers need a
large amount. Nanoparticles can overcome this defect; however,
nanoparticles may be easy to form aggregates for the high
activity of nanoparticles' surfaces. In order to overcome this
difﬁculty, Zhang et al. [119,120] modiﬁed silica nanoparticles
with polyacrylamide by the irradiation technique and then added
modiﬁed silica nanoparticles into EP (Fig. 5). It was proved that
the modiﬁcation of nanoparticles is a better way to solve the
aggregation of nanoparticles and the tribological performances
of modiﬁed silica nanoparticles incorporated EP are the best
among neat EP, silica microparticles incorporated EP, unmodi-
ﬁed silica nanoparticles incorporated EP and modiﬁed silica
nanoparticles incorporated EP, which can be seen from Fig. 5.
The modiﬁed silica nanoparticles have a strong interaction with
EP according to entangling of molecular chains and chemical
bonding between matrix and modiﬁed silica nanoparticles.
Epoxy based composites incorporated with Al2O3 nanoparticles
[121,122], SiC nanoparticles [123,124] and Si3N4 nanoparticles
[125] which are modiﬁed by polymers have also been studied
and it is evidenced that modiﬁed nanoparticles have a positive
effect on wear resistance and friction reduction. The tribological
behaviors of EP incorporated with surface modiﬁed silica
nanoparticles and carbon ﬁber at the same time have been
reported and it was shown that it is the synergy effect of
nanoparticles and ﬁbers that functions on the improvement of
tribological properties of composites [126]. Incorporating theand SiO2-g-PAAM/Epoxy and (b) effect of the content of SiO2 on the friction
the friction coefﬁcient and wear rate of SiO2-g-PAAM/Epoxy were lower than
Fig. 6. The diagrams describe the preparation methods of surface cross-linked
UHMWPE [138]: (a) layered molding and (b) surface extraction.
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friction coefﬁcient and wear rate largely because oil-lubricant
can function well when the microencapsulation is scariﬁed by
embossment of counterface and wear debris can be captured by
cracked microencapsulation [127]. Oil-lubricant loaded micro-
encapsulations, carbon ﬁbers and surface modiﬁed silica nano-
particles incorporated EP composites have good performances
both in tribology and mechanics relatively [128].
In summary, the method that is used to improve tribological
performances of EP is introducing other substances such as
nanoparticles and ﬁbers into it. The reinforcements mainly
include carbon nanotubes, ﬁbers and inorganic nanoparticles.
In all of these additives, inorganic nanoparticles that are
modiﬁed by polymers have the potential to get wide applica-
tions because this is a good way to solve the aggregation of
nanoparticles. This method can be also used in organic
reinforcements such as carbon nanotube and graphene. What
is more, inorganic nanoparticles and organic nanomaterial
modiﬁed by polymers or organic macromolecules may be
promising reinforcements to other wear resistant and friction
reduction polymeric materials such as PEEK and ultrahigh
molecular weight polyethylene.
3.2.3. Ultrahigh molecular weight polyethylene (UHMWPE)
biomaterials
Ultrahigh molecular weight polyethylene (UHMWPE) has been
used as a material of total hip replacement since 1960s and it also
has been the most widely used material in this sphere so far due to
its high performance such as high impact resistance and good
biocompatibility. However, the wear debris produced by
UHMWPE can induce aseptic loosening which often leads to
the failure of implant and followed by repair. Therefore, it is of
importance to develop UHMWPE based composites with low
friction and wear while other excellent properties are not sacriﬁced.
In fact, scientists have paid great efforts to enhance the tribological
performances by various methods through past decades. The main
strategies to improve the tribological behaviors of UHMWPE
include irradiation, ion implant, adding ﬁllers, surface modiﬁcation
and coating, and some biomimetic techniques. Following several
paragraphs will describe these methods in detail.
The tribological behaviors of neat UHMWPE are often
inﬂuenced by many factors such as lubricants [129], counterface
[130], sliding track and direction [131–133], roughness [134]
and so on [135,136]. Since these factors may lead to the
degeneration of UHMWPE on tribological properties, it is
important to enhance the tribological performances by modiﬁca-
tion techniques in order to satisfy the need in various ﬁelds.
Irradiation is one of the mainly used strategies to improve its
tribological properties, which has better wear resistance ability
under elliptic motion trajectory compared with neat UHMWPE
because the cross-linked molecular structure after irradiation can
prevent reorientation of UHMWPE [137]. In spite of the
enhanced wear resistance ability of irradiated UHMWPE, the
mechanical performances decrease at the same time. In order to
overcome this defect, several methods have been developed by
researchers. Oral et al. [138] fabricated UHMWPE and vitamin
E composite with low vitamin E concentration on the surface ofthe composite and high vitamin E concentration in bulk by two
methods. They are layered molding of a low and a high
concentration UHMWPE and vitamin E composite and extrac-
tion of the vitamin E from the surface of a UHMWPE blended
with a uniform concentration of vitamin E (Fig. 6). As vitamin E
is an antioxidation agent, it may efﬁciently prevent the cross-
linking of UHMWPE. Therefore, this method can get
UHMWPE with high crosslink degree only on surface while
the crosslinking of bulk molecules is suppressed, which induces
high fatigue strength and low wear at the same time. Wear
resistant UHMWPE with high toughness can be made by high
temperature melting and subsequent radiation cross-linking
[139]. Besides, γ irradiation can produce radical, which can
lead to oxidative cleavage of UHMWPE chain when oxygen
exists. Pre-irradiation vacuum storage can wipe off oxygen thus
reducing oxidative cleavage of UHMWPE [140]. The effects of
proton radiation on properties of UHMWPE have also been
studied but the tribological properties have not been investigated
[141], which should be paid more attention in the future.
Ion implantation is often used to improve the mechanical
properties and tribological properties of metallic materials and
its effect on properties of UHMWPE has also been studied. Ge
et al. [142] implanted nitrogen ion into UHMWPE and found
that the wettability of implanted UHMWPE increases, the
surface hardness increases and the wear rate reduces under
plasma lubrication; however, the wear rate does not decrease
under dry sliding and friction coefﬁcient does not decrease
under all conditions. Xiong et al. [143] investigated the
inﬂuences of oxygen ion and carbon ion implantation on
tribological properties of UHMWPE and it was evidenced that
the wear rate of implanted UHMWPE decreases under dry
sliding, lubrication of distilled water and plasma lubrication
while the friction coefﬁcient does not decrease under all these
conditions. Besides, they also concluded that oxygen ion
implantation has better wear resistance ability than carbon ion
and the wear mechanisms are abrasive wear and fatigue wear.
Diamond like carbon is often used as coating material of
polymer in biomedicine because of its high hardness and wear
S.F. E et al. / Biosurface and Biotribology 1 (2015) 81–97 89resistance ability [144]. Depositing diamond-like ﬁlm on
UHWMPE can reduce the wear volume of UHMWPE due to
the enhanced mechanical strength while the friction coefﬁcient
increases because of the increasing of roughness after deposit-
ing [145] (Fig. 7). Fig. 7a and b shows the surface and cross
section of DLC coating on UHMWPE, and it is clearly seen
from Fig. 7a that the surface of composite is rough. It is shown
in Fig. 7c that the friction coefﬁcient of DLC treated
UHMWPE is higher than that of neat UHMWPE under all
cycles. Fig. 7d and e indicates that both the wear width and
height of DLC treated UHMWPE are smaller than those of
untreated UHMWPE. Besides, the wear debris of DLC coated
UHMWPE is only carbon debris after depositing which may
decrease the osteolysis [146]. Poly (methyl methacrylate)–
hydroxyapatite hybrid coating on UHMWPE has stronger
adhesive force with substrate, lower friction coefﬁcient and
wear rate than poly (methyl methacrylate) coating [147]. BothFig. 7. (a) SEM image of the surface of DLC ﬁlm, (b) SEM image of cross sectio
UHMWPE, (d) the wear track of pure UHMWPE, and (e) the wear track of DLCpolymethylmethacrylate and hydroxyapatite have good bio-
compatibility and hydroxyapatite has better osteoinduction
ability; therefore, this hybrid coating has potential to be
employed in biomedicine. UHMWPE can also be used as
coatings of silicon [148], aluminum [149], titanium (Ti)-based
alloys [150] and steel [151]to lower their friction coefﬁcient
and prolong their wear life.
Except methods mentioned above, as it is described above that
adding ﬁllers into PEEK and EP can improve their tribological
behaviors greatly, adding ﬁllers into UHMWPE is also the most
widely used strategy to improve its poor performance on tribology.
The reinforcements include organic nanomaterial, inorganic nano-
particles, and natural biomaterials and so on. Santare et al. [152]
studied the tribological and mechanical properties of carbon
nanotube/high density polyethylene composite and indicated that
both the tribological properties containing stiffness, maximum load
to failure and work to failure and tribological properties containingn of DLC ﬁlm, (c) the friction coefﬁcient of neat UHMWPE and DLC treated
treated UHMWPE [145].
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polyethylene. This study has signiﬁcant meaning on the doping of
carbon nanotube into UHMWPE. Lim et al. [153] revealed that
introducing carbon nanotube into UHMWPE can reduce the wear
rate while the friction efﬁcient increases. Both the friction
coefﬁcient and wear rate will be improved greatly when adding
3-Aminopropyltriethoxysilane modiﬁed carbon nanotube into
UHMWPE [154] (Fig. 8). Fig. 8a and b shows the SEM images
of 1 wt% oxidized CNTs ﬁlled UHMWPE and 1 wt% silanized
CNTs ﬁlled UHMWPE respectively. It can be seen from Fig. 8a
and b that silanized CNTs ﬁlled UHMWPE has uniformly
dispersion of CNTs in bulk UHMWPE while oxidized CNTs
ﬁlled UHMWPE has aggregates of CNTs in bulk UHMWPE.
Fig. 8c and d shows that both the friction coefﬁcient under all
sliding distances and wear rate under all sliding speeds of silanized
CNTs/UHMWPE are the lowest among raw UHMWPE, oxidized
CNTs/UHMWPE and silanized CNTs/UHMWPE. This indicates
that the dispersion uniformity has a signiﬁcant effect on the
tribological behaviors of CNTs/UHMWPE composite. CNTs/
UHMWPE composite can be used as coating of aluminum and
steel to improve their tribological properties [155,156].
Graphene oxide nanosheets reinforced UHMWPE has lower
wear rate due to the strong interaction between graphene oxide
nanosheets and bulk UHMWPE because of the large surface
areas and high activity of graphene oxide and the formation ofFig. 8. (a) SEM image of 1 wt% oxidized CNTs ﬁlled UHMWPE, Inset: EDS sp
spectra, (c) the friction coefﬁcient of raw UHMWPE, oxidized CNTs/UHMWPE an
of raw UHMWPE, oxidized CNTs/UHMWPE and silanized CNTs/UHMWPE as atransfer ﬁlm on counterface [157]. It is well known that cross-
linked UHMWPE has lower wear but the mechanical strength
also decreases after irradiation. Introducing quasicrystal into
UHMWPE can enhance the wear resistance ability and does not
decrease the mechanical strength [158,159]. UHMWPE mod-
iﬁed with Schiff base copper complex (Cu (II) chelate of bis
(salicylaldehyde) ethylenediamine) and a glycerol–polyethylene
microencapsule has lower friction coefﬁcient because of the
transfer ﬁlm of copper on counterface as a result of the self-
selective transfer effect [160]. Although nanoparticles are good
additives of polymers that can improve their tribological
properties, the dispersion of nanoparticles is always a difﬁculty
to overcome. In order to solve this problem, ultra-high
molecular weight polyethylene/zirconia composite was prepared
in situ polymerization by Ti-based Ziegler-Natta catalyst sup-
ported on the surface of zirconia161 (Fig. 9). Fig. 9a and b
shows the SEM images of pristine zirconia and in situ poly-
merized zirconia/UHMWPE composite and it can be seen that
zirconia particles were evenly covered by UHMWPE. Accord-
ing to testing the mechanical and tribological properties, it was
concluded that polymerized composite has a larger tensile
moduli than blended composite and pure UHMWPE, and
coefﬁcient of friction of polymerized composite is lower than
blended composite and neat UHMWPE, as well as wear rate. It
is shown in Fig. 9c, d and e that the surface of polymerizedectra, (b) SEM image of 1 wt% silanized CNTs ﬁlled UHMWPE, Inset: EDS
d silanized CNTs/UHMWPE as a function of sliding distance, (d) the wear rate
function of sliding distance [154].
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blended UHMWPE. The polymerized composite produces
lower debris, which can prevent osteolysis and cellular reaction,
due to the suppression of abrasive wear. Because of the uniform
dispersion of zirconia particles in UHMWPE, they can reinforce
the mechanical strength and decrease the wear rate of
UHMWPE, whereas blended composite has weak mechanical
and tribological properties due to the different interparticle
forces between zirconia–zirconia and zirconia–UHMWPE,
which is the reason for the nonuniformity of composite
materials. Thus, proper chemical manipulating to the formation
of composite is of importance to form low friction and wear,
stable, uniform polymer-based biomedical materials. Adding
reinforcements into UHMWPE can improve their tribological
behaviors; however, it is suspected to use the composite in clinic
because the toxicity and degradability of additives are unknown.
Therefore, it has a long way to realize the use of these
composites in clinic. However, natural biomaterial may be an
alternative for its nontoxicity and biocompatibility. Ge et al.
[162] found that adding natural coral into UHMWPE can
improve its tribological and mechanical properties. Nanohy-
droxyapatite can be used as additive of UHMWPE to improveFig. 9. (a) SEM image of pristine zirconia, (b) SEM image of powdery polymerized
(c) SEM image of worn surface of neat UHMWPE, (d) SEM image of worn surfa
composite [161].its tribological performances for the enhanced hardness and
hydrophilicity [163,164]. Vitamin E reinforced UHMWPE has
lower wear volume because vitamin E can prevent the oxidation
and crack of UHMWPE and the protein adsorption [165,166].
Nature is the best teacher of human beings because it
provides the best prototype with superior structure and perfor-
mance for material design through evolution of millions of
years. However, nature is difﬁcult to select the materials it uses
and its evolution mainly focuses on structure. Therefore, our
human being should combine the structures of natural materials
and the materials what we can select efﬁciently to create more
perfect production to realize the idea “from nature, beyond
nature”. Indeed, scientists have imitated nature for a long history
[30,43,167]. Recently, the bionic UHMWPE has been studied.
The porous UHMWPE has been made by template-leaching
technique and it is evidenced that it has superior wear resistance
ability under serum lubrication, which is closer to natural
articular cartilage [168]. Surface texturing of UHMWPE can
reduce its friction coefﬁcient [169]. Kyomoto and Ishihara et al.
[170,171] fabricated polyethylene (PE) modiﬁed by poly(2-
methacryloyloxyethyl phosphorylcholine)(PMPC) through
photo-induced graft polymerization and it was indicated thatcomposite from the in situ polymerization(the content of zirconia is 15 wt%),
ce of polymerized composite, and (e) SEM image of worn surface of blended
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hydrophilicity and boundary lubrication of PMPC (Fig. 10).
Fig. 10a shows the friction coefﬁcient of various PE under
different counterfaces and it is evidenced that PMPC grafted PE
and cross-linked polyethylene (CLPE) have lower friction
coefﬁcient than PE and CLPE under all counterfaces and the
counterfaces have no inﬂuence on the friction coefﬁcient of
PMPC–PE and PMPC–CLPE. Fig. 10b compares the wear mass
of various PE and it indicates that PMPC–CLPE and PMPC–PE
have the same wear mass and their valves are zero at initiation
and start to become negative following. From the morphometric
analysis shown in Fig. 10c, we can see that there is almost no
wear on the surface of PMPC–CLPE. All these results indicate
that PMPC is a better surface modiﬁer to PE and it is promising
to be applied in more polymers because it realizes the bionics of
water lubrication. What is more, PMPC has better biocompat-
ibility and resistance ability of protein and platelet adsorption
and thrombus formation, which has huge potential to be applied
in biomedicine. Kane et al. [172] fabricated PEG-like coatings
on UHMWPE through plasma polymerization and found that
the modiﬁcation layer has better hydrophilicity and resistance to
protein adsorption and wear mechanism is adhesion wear and
delamination. Although bionic research of polymers used in
biomedicine has been started, its research is relatively less and it
is imperative to develop this aspect in order to satisfy higher
need in biomedicine.
In summary, the methods used to improve tribological
behaviors of UHMWPE include irradiation, ion implant, adding
ﬁllers, surface modiﬁcation, coating and some biomimetic
techniques. The bionic technique is the most promising method
in the future because it has many advantages such as the niceFig. 10. (a) Dynamic friction coefﬁcient of PE, PMPC–PE, PMPC–CLPE and CLP
PE against Co–Cr alloy as a function of sliding cycles, (c) three dimensional morp
5 106 cycles of loading in the hip joint simulator [171].tribological properties, the perfect structure of nature materials,
and the lower toxicity of natural materials and so on.3.2.4. Hydrogels used as articular cartilage biomaterials
Natural joint has lower friction coefﬁcient of 0.002–0.02 and
lower wear rate, which can be used for approximately 70 years
[173] due to the existence of articular cartilage containing plenty
of water. The main reason for the poor tribological perfor-
mances of artiﬁcial joint replacement is the absence of articular
cartilage like materials on the surface of artiﬁcial joint and the
direct contact of the artiﬁcial joint. Hydrogel is a three-
dimensional network polymer cross-linked by ion bond, cova-
lent bond, hydrogen bond or van der vaals force which can be
swelled by water and insoluble in water, and it resembles natural
artiﬁcial cartilage. Hydrogels such as poly (vinyl alcohol) (PVA)
and poly (2-hydroxyethyl) methacrylate (polyHEMA) have
shown potential in cartilage replacement and repair for its
cartilage like structure and property. It can realize boundary
lubrication, hydrodynamic lubrication and separation of sliding
pair due to the squeezing of water under load. Scientists have
conducted abundant research on the tribology of hydrogel.
Following paragraph will show partial research achievements on
tribology of hydrogels which are used in biomedicine.
Among all of the hydrogels used in biomedicine, PVA is the
most intensively studied [174,175]. It can be used in contact
lenses, artiﬁcial pancreases, hemodialysis, synthetic vitreous
humor, replace cartilage and meniscus tissues [176]. Generally,
it is physically cross-linked by hydrogen bond between
hydroxyl groups through freezing and thawing repeatedly.
The main concern of the PVA's use in biomedicine is the poorE (the counterfaces are Co–Cr alloy and Alumina), (b) the wear rates of various
hometric analysis of PE, PMPC–PE, CLPE and PMPC–CLPE before and after
Fig. 11. (a) Molded compression cylinders of lyogels and hydrogels, (b) compressive modulus of various hydrogels, and (c) friction coefﬁcient of various hydrogels [186].
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oped a series routes to enhance the mechanical performances
such as compressive strength, tear and shear resistance and
creep resistance. Gu et al. [177] conﬁrmed that the mechanical
properties of PVA-hydrogel can be improved from PVA
solution by the procedure of repeated freezing–thawing,
dehydrating in vacuum and cross-linking by irradiation.
Combining physical crosslinking and γ irradiation crosslinking
can fabricate chemical cross-linked PVA, which has lower
friction coefﬁcient due to the condensed structure and the
water content decreases with the increase of cycles of freez-
ing–thawing, dose of irradiation and content of PVA [178]. In
order to enhance mechanical properties of PVA, chemical
cross-linked PVA hydrogel is also developed by the introduc-
tion of chemical crosslinking agents such as formaldehyde
[179] and glutaraldehydeb [180]. Annealing is another good
way to enhance the mechanical properties of PVA, but this
method can lead to the collapse of pores thus induce the
decrease of water content and lubricity [181]. Adding poly-
ethylene glycol [182] and acrylamide [181] into PVA during
annealing can give both good mechanical properties and
lubricity. Introducing poly(vinyl pyrrolidone) into PVA hydro-
gel can enhance the mechanical properties and decrease
friction coefﬁcient due to the formation of hydrogen bond
[183–185]. Except the incorporation of hydrophilic polymers
such as polyacrylamide and poly(vinyl pyrrolidone) into PVA
by blending, a hydrophilic–hydrophobic copolymer hydrogel
of PVA and poly(ethylenecovinyl alcohol)(EVAL) has also
been studied. It is evidenced that the mechanical properties
enhanced with unsacriﬁced tribological properties due to thewater adsorption, ﬂuid ﬂow and water lubrication provided by
hydrophilic segment and high mechanical strength, wear and
shear resistance provided by hydrophobic segment (Fig. 11)
[186]. Besides, the poly (vinyl pyrrolidone) reinforced PVA
hydrogel has lower friction coefﬁcient under synovial ﬂuid
lubrication than serum lubrication due to the high protein level
of serum which induces high shear strength [187]. Nanohy-
droxyapatite reinforced PVA has high mechanical perfor-
mances and lower friction coefﬁcient, and it can bond to
bone because of its biocompatibility and bone induction effect
[173,188–190]. In order to realize the bond between PVA and
bone, Kobayashi el al. [191] fabricated a composite of PVA
and titanium meshes through injection molding. The tribolo-
gical properties of PVA is also inﬂuenced by many other
factors such as lubricant [192], counterface [193] and degree of
polymerization and saponiﬁcation value [194]. Other hydro-
gels such as poly(hydroxyethyl methacrylate) [195–198] and
poly(acrylic acid) [199,200] have also been widely researched.
4. The challenges of biomaterials and biomedical materials
in tribology
Since the discovery of artiﬁcial biomedical materials, it has
witnessed the rapid development of biomedicine and the
release of pain on patients. This is not only the advancement
in science and technology but also the improvement in
quality of human life. On one hand, scientists try best to
search more excellent bulk materials; on the other hand, many
modiﬁcation techniques such as surface coatings, ion implan-
tation and nano-doping have been adopted to improve the
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Furthermore, some bionic methods have been introduced.
Despite the progress we had made, it is interesting and
challenging to further advance the properties of artiﬁcial
biomedical materials because the demand of human is higher
and this stands for the limit of human wisdom. There are
several challenges in tribology of artiﬁcial biomedical mate-
rials and they will be described as follows:(i) The discovery of new bulk materials: It is difﬁcult to
improve the tribological performances by modiﬁcation
of the current materials used in biomedicine and to
create new routes to improve their tribological proper-
ties. Therefore, seeking new materials may be a good
aspect to promote the development of biological
tribology.(ii) Dispersion uniformity of additives: It is well known that
dispersion uniformity of additives has a signiﬁcant inﬂu-
ence on the mechanical properties of materials thus
affecting the tribological performances. However, it is
difﬁcult to realize the dispersion uniformity of additives
especially for the nano-additives due to the higher surface
activity. To modify the surface of inorganic and organic
nanomaterials by organic macromolecular and polymer is
a good solution to the dispersion uniformity due to the
controllability of polarity and interaction with bulk
materials, and it is necessary to ﬁnd more modiﬁers and
more nanomaterials that can be modiﬁed and apply this
method in more biomedical materials.(iii) Bionic surface modiﬁcation layer: The hydrophilic mod-
iﬁcation of UHMWPE has existed and it realizes the
biomimetic hydration lubrication [201]; however, the
friction pair has two counterfaces with different materials.
Generally, polymers, ceramics and alloys are commonly
used materials of friction pair. In total hip replacement
(THR), UHMWPE is used as acetabular cup and ceramic
or alloy is used as femoral head. It is difﬁcult to use self-
pairing of UHMWPE to realize the THR. Therefore, the
hydrophilic modiﬁcation of ceramics and alloys to realize
biomimetic hydration lubrication is of importance for the
future applications of artiﬁcial biomedical materials on
tribology.(iv) Bionic porous materials: The main structural feature for
the ﬁne tribological performances of natural articular
cartilage is the porosity. The research on tribology of
bionic porous biomaterials has some problems. For
example, the tribological properties of more porous
materials should be focused due to relatively less research
so far. The size of pores is needed to control due to the
smaller size of pores in natural articular cartilage; the
composites of porous tribological materials and viscoe-
lastic substances are also needed to develop to simulate
the function of reducing impact of viscoelastic proteogly-
can in natural articular cartilage.(v) Other bionic techniques: Bionics is an old yet young
discipline. Despite the progress we have made, some
other aspects of bionic tribology in biomedicine such assurface texturing, hierarchical structures and the bond
between articular cartilage and subchondral bone are
needed to further investigate. Therefore, it has a long
way to realize the clinical application of bionic tribolo-
gical biomaterials.5. Conclusions
Biotribological material is one of the important aspects in
tribology and it is closely related with the health of human
beings. In this article, we have brieﬂy reviewed some research
achievements in tribology of biomedical materials, especially
on polymers and proposed underlying challenges in this
domain. It can be seen that polymer must be the central
research direction for its easy fabrication, cost efﬁciency and
so on despite alloys and ceramics being irreplaceable in some
sphere such as aviation. The combination of tribology and
bionics, a new discipline, will bring out enormous prospect in
the tribology of biomedical materials.
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[66] F. Varela-Feria, J. Martıńez-Fernández, A.R. de Arellano-López,
M. Singh, J. Eur. Ceram. Soc. 22 (2002) 2719.[67] P. Gonzalez, J. Serra, S. Liste, S. Chiussi, B. Leon, M. Perez-Amor,
J. Martınez-Fernández, A. de Arellano-Lopez, F. Varela-Feria, Biomater-
ials 24 (2003) 4827.
[68] A.R. de Arellano-López, J. Martıńez-Fernández, F.M. Varela-Feria,
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